Cadmium (Cd), a non-essential metal, stealthily enters the cells by utilizing the essential metal importing pathways. The zinc transporters Zip8, Zip14, and divalent metal transporter 1 (Dmt1) are now emerging as several important metal transporters involved in cellular Cd incorporation and their expressions have been shown to be down-regulated in several Cd-resistant (Cd R ) cell lines, however, the involvement of these transporters during the development of Cd-resistance in lung cells is unclear. In this study, we therefore check the expression of these metal transporters in our previously established rat lung epithelial cells (LECs) and show that the level of Zip8 is progressively silenced when LECs are adapted to increasing concentrations of CdCl 2 (from 1 to 20 μM). Subsequent measurement of the cellular Cd content indicated that Cd R LECs exhibit a marked decrease of Cd accumulation, possibly due to the loss of Zip8 expression. We investigate the possibility that epigenetic silencing of the Zip8 gene by DNA hypermethylation is involved in the down-regulation of Zip8 expression. Cd R LECs show a higher mRNA level of DNA methyltransferase 3b (Dnmt3b) than parental cells. Treatment of Cd R LECs with 5-aza-2′-deoxycytidine, an inhibitor of DNA methyltransferases, reverted the expression of Zip8 and sensitivity to Cd in these cells, indicating the critical role of Zip8 for Cd import. Taken together, our results demonstrate that the progressive silencing of Zip8 expression is involved in the acquisition of resistance against Cd in lung cells, representing an adaptive survival mechanism that resists Cd-induced cytotoxicity.
Introduction
Cadmium (Cd) and its derivatives are widely found in the living environment and classified as group 1 carcinogens by the International Agency for Research on Cancer (IARC) [1] . After more than few decades of research on Cd, it is becoming clear that the cellular effects of Cd are diverse and complex. Generally speaking, acute exposure of cells to Cd has been shown to induce cell death [2] [3] [4] [5] ; while chronic exposure can lead to acquired tolerance to Cd that promotes death tolerance [6] [7] [8] [9] [10] [11] . Since the last decade, epigenetic effects of Cd have also been revealed in which Cd is able to impact on the epigenome by alteration of DNA methylation, histone modifications, and ncRNA expression [12, 13] . Therefore, chronic exposure to Cd can lead to epigenotoxicity, an avenue utilized by Cd to reprogram gene expressions and is potentially linked to the development of cancers.
Our previous studies showed that Cd-adapted lung epithelial cells (LECs) developed resistance to apoptosis due to perturbation of the c-Jun N-terminal kinase (JNK) pathway and augmented expression of cytokeratin 8 (CK8) [6, 7] . For the fact that cellular Cd entry is a prerequisite in order to elicit its deleterious effects, we therefore suspect if there is differential metal ion transport ability in Cdresistant (Cd R ) LECs that may account for their Cd tolerance.
Among all the solute carrier (slc) family members, the mammalian zinc (Zn) transporters Zip8 (Slc39a8), Zip14 (Slc39a14), and divalent metal transporter 1 (Dmt1/Slc11a2) have been shown to be closely associated with cellular Cd import [14] .
In this study, we found that the expression of the Zip8 is suppressed in Cd R LECs as compared with Cd-sensitive (Cd S ) LECs, in which the degree of Zip8 down-regulation is correlated with the Cd exposure time and dose. With a suppressed Zip8 expression in Cd R , the uptake of Cd ion is markedly reduced. Our results demonstrate that during chronic Cd exposure, the progressive silencing of Zip8 expression is involved in the acquisition of resistance against Cd in lung cells, representing an adaptive survival mechanism that resists Cd-induced cytotoxicity.
Materials and Methods

Materials
Cadmium chloride (CdCl 2 ) and 5-aza-2′-deoxycytidine (5-aza-dC) were purchased from Sigma-Aldrich (St Louis, USA). All other general chemicals were purchased from GE Healthcare (Uppsala, Sweden) and Sigma-Aldrich. Purified rabbit polyclonal antiserum against Zip8 employed for immunofluorescence analysis was validated and routinely produced in our laboratory as previously described [15] .
Cell culture and treatment
A rat LEC line was characterized and routinely cultured in F-12 complete media containing 10% newborn calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM glutamine at 37°C in an atmosphere of 5% CO 2 /95% air as previously described [3] . This cell line is designated as Cd S in this study for its Cd sensitivity in comparison with Cd-resistant (Cd R ) LECs that we established in this work. In all experiments, cells were subject to treatment at 75% confluence. Development of 20 μM Cd R cell line has been previously described [6] . were routinely grown in the presence of 1, 2, or 5 μM CdCl 2 and respectively designated as 1, 2, or 5 μM Cd R . Cell viability was measured by naphthol blue black (NBB) staining assay as previously described [3] . For 5-aza-dC treatment, the medium containing 5-aza-dC was changed for fresh every 24 h. 
Measurement of metal accumulation in cells
Statistical analysis
All quantitative results are expressed as the mean ± SD. Statistically significant differences were obtained using the Student's t-test or by one-way ANOVA. A P value of <0.05 was considered to be of statistically significant difference.
Results
The effects of Cd-adaptation on Cd-transporters and Cd-uptake
Our previous studies showed that 20 μM Cd-adapted LECs developed resistance to apoptosis due to perturbation of the JNK pathway and augmented expression of CK8 [6, 7] . Here, we further explore the mechanisms governing the death tolerance of these cells. First, we suspect if there is differential metal ion transport ability in Cd-adapted LECs that may account for their Cd tolerance. Among all the slc family members, the mammalian Zn transporters Zip8, Zip14, and Dmt1 have been shown with high affinity to Cd that promote cellular Cd import [14] . Recently, down-regulations of Zip8, Zip14, and Dmt1 have been shown in Cd-resistant rat basophilic leukemia cells and mouse embryonic fibroblasts [9] [10] [11] . To determine whether chronic Cd exposure would affect the above metal transporters in LECs, we examine their respective expressions in Cd R (adapted to 20 μM CdCl 2 ) by RT-PCR.
Interestingly, from the results, it can be seen that only Zip8 expressions are uniquely silenced in Cd-adapted cells, while those of Zip14 and Dmt1 are not affected (Fig. 1A) . The results were verified by quantitative real-time RT-PCR ( Supplementary Fig. S1 ), which is in agreement with RT-PCR results (Fig. 1A) . To validate the results at protein level, we perform immunofluorescent staining to further study the expression of Zip8 in these cells. As shown in Progressive silencing of Zip8 expression in LECs adapted to increasing concentrations of CdCl 2
From the above, we showed that Zip8 expression is suppressed in 20 μM Cd-adapted cells. We therefore want to define events occurring prior to Zip8 silencing. Parental Cd-sensitive LECs were treated chronically with 1, 2, or 5 μM CdCl 2 and the expression levels of Zip8 were determined by RT-PCR at Days 13, 25, and 31. In parallel, we also performed RT-PCR analysis on these Cd-adapted cells after removal of Cd in culture medium for two passages, i.e. 1 μM Supplementary Fig. S3 ). From the above data, it is very likely that Zip8 suppression in LECs is both time-and dose-dependent on the Cd exposure (i.e. lower Cd dosage takes longer time while higher Cd dosage takes shorter time respectively to abolish Zip8 expression). We anticipate that Zip8 expression would also be abolished eventually in 1 and 2 μM Cd R upon extended time of Cd exposure.
Expression of DNA methyltransferases in Cd-adapted cells
As mentioned above, since there is suppression of Zip8 in 20 μM Cd R ( Fig. 1) , we wonder if this might be due to enhanced DNA methylation on Zip8 gene which caused its epigenetic silencing. To attest this hypothesis, we determined the level of three major DNA methyltransferases in mammalian cells (Dnmt1, Dnmt3a, and Dnmt3b). From the results, among the three Dnmts examined, Dnmt3b expressions are highly elevated in Cd-adapted cells, while the expressions of Dnmt1 and Dnmt3a are not affected as compared with those in Cd S (Fig. 3) .
Moreover, the enhanced Dnmt3b expression is stably maintained even after culturing the adapted cells in the absence of Cd for at least seven passages (28 days) [Cd R (−), Fig. 3] . Thus, the enhanced Dnmt3b expression was the consequence of long-term adaptation to Cd and could not be reverted by Cd removal, and likely contribute to epigenetic silencing of Zip8 in Cd-adapted cells.
Restoring Zip8 expression by 5-aza-dC sensitizes Cdadapted cells to Cd
From our results, we suggest that if suppressed Zip8 was involved in protection against Cd-induced cell death, then restoring of Zip8 expression should revert the Cd sensitivity. For this reason, we resolved to use the DNA methyltransferase inhibitor, 5-aza-dC, which would reduce the DNA methylation level in the cells and subsequently revert the expression of silenced genes. To test the effect of restoration of Zip8 expression on Cd cytotoxicity, Cd-adapted cells were treated with 2, 5, or 10 μM 5-aza-dC for 48 h. Afterwards, the samples were processed for RT-PCR analysis to determine the expression of Zip8. Notably, treatment of Cd-adapted cells with 2, 5, or 10 μM 5-aza-dC resulted in restoration of Zip8 expression (Fig. 4A) . More importantly, the restoration of Zip8 before the addition of Cd renders Cd-adapted cells sensitive to Cd again as a result of the higher level of accumulation of Cd (we used 2 μM 5-aza-dC to treat the cells here since 2 μM 5-aza-dC could restore the expression of Zip8 with no obvious toxicity) (Fig. 4B,C and Supplementary Fig. S4 ). These results clearly show that Zip8 suppression significantly protects Cd-adapted LECs from Cd-induced cytotoxicity. To sum up, based on the results obtained from restoring Zip8 in Cd-adapted LECs by 5-aza-dC, we conclude that the progressive silencing of Zip8 expression upon chronic Cd treatment is crucial for the acquisition of death tolerance in lung cells. Shown are agarose gel images of the RT-PCR products. The intensities of the bands were quantified and normalized with β-actin signals and plotted as a relative ratio. The data are representative of three independent experiments; *P < 0.05. (B) Cd S and Cd R (−) cells were seeded into two-chamber slides and cultured overnight. Expression of Zip8 was detected by immunofluorescence microscopy. Cells were washed, fixed, and incubated with in-house Zip8 antibody. The nuclei were stained with DAPI before viewing by immunofluorescence microscopy. Scale bar, 10 μm.
Discussion
The results from the current study show that during chronic Cd exposure, lung cells antagonize excessive cellular Cd-influx by abolishing Zip8 expression to reduce Cd-toxicity, which may be another important mechanism in the acquisition of death tolerance to Cd. Moreover, the suppressed Zip8 expression was the consequences of long-term adaptation (secondary response) to Cd and could not be reverted by Cd removal. Interestingly, we recapitulated the events occurring prior to Zip8 silencing and found that Zip8 suppression in LECs is dependent on both the Cd exposure time and dose. Remarkably, we showed that Zip8 expression is reduced by about half in as low as 1 μM, severely down-regulated in 2 μM, and abolished in 5 μM Cd-exposed LECs, at Day 31 of exposure ( Fig. 2 and Supplementary Fig. S3 ). Although Zip8 expression is not abolished yet in 1 and 2 μM Cd-exposed LECs at Day 31 of exposure; however, we can see that their Zip8 expression levels are progressively declined as compared with the levels at Days 25 and 13 ( Fig. 2) , which suggests that Zip8 expression may likely be abolished eventually in 1 and 2 μM Cd-exposed LECs as well, if they were further subject to longer period of Cd exposure. Although our results are in agreement with others which showed the similar role of Zip8 in Cd accumulation as in several other cell types [9] [10] [11] 17] , however, to our knowledge, we reported the first study that addressing on both the time-and dose-dependent changes of Zip8 after treatment with Cd in lung cells. Moreover, based on the results, we can see that the rat LEC Zip8 localizes in various subcellular locations (including plasma membrane, cytosol, inside and on the periphery of the nucleus), but is abolished in Cd R (−). The reasons of the multiple subcellular locations of Zip8 (i.e. not just only in the plasma membrane) in our situation and also in some other studies are not quite clear, yet it is possible that the subcellular localizations of Zip8 could be cell type-dependent [14] . Furthermore, while home-made antisera prepared against different regions of Zip8 protein were employed among these studies, this may cause the disparity to some degree, as a result of the difference of subcellular location of Zip8 protein between the data of this work and other publications [14] . Nevertheless, our results show that the Zip8 mRNA expression data is in agreement with protein expression data and indeed Zip8 is progressively silenced at mRNA as well as protein levels. Since lung is one of the susceptible organs prone to Cd-induced carcinogenicity [18] , therefore, our data suggests that Zip8 might be closely related to Cd-mediated toxicity in the lungs.
It is generally accepted that DNA hypermethylation of genes would lead to gene suppression. In mammalian cells, DNA methylation is faithfully maintained and written by three major DNA methyltransferases, including Dnmt1, Dnmt3a, and Dnmt3b [19] . Here, among the three Dnmts that we examined, Dnmt3b expressions are highly elevated in Cd-adapted cells. Dnmt3b is required for genome-wide de novo methylation and is essential for the establishment of DNA methylation patterns during development [20] . Our results are in agreement with others which demonstrated the specific up-regulation of Dnmt3b in Cd-resistant mouse embryonic fibroblasts [17] . Moreover, we showed that the enhanced Dnmt3b expression is stably maintained even after culturing the Cd-adapted LECs in the absence of Cd for at least seven passages (28 days) [Cd R (−), Fig. 3 . However, our data indicate that no obvious difference in DNA methylation level can be found (data not shown). It may be possible that the region we have examined was not exhaustive enough or the suppression of rat Zip8 gene may be controlled by CpG methylation in its first exon or intron, as some genes have been shown to be hypermethylated in these regions [22] [23] [24] [25] [26] [27] . Nevertheless, based on our findings that Zip8 expression can be restored by the treatment of 5-aza-dC in Cd-adapted LECs ( Fig. 4A and Supplementary Fig. S4 ), it is possible that Zip8 expression is correlated with DNA methylation status of Zip8 gene in these cells (of course it could also be possible that 5-aza-dC somehow restored/ activated some Zip8 gene cis-acting factors/regulatory mechanisms as well such that Zip8 expression is restored in Cd R LECs). Further study is underway (examining the DNA methylation levels in the distal upstream region, exons, and introns) to delineate exactly how the rat Zip8 expression is abolished in these Cd R LECs.
Conclusion
In summary, results from our laboratory showed that lung cells respond to long-term Cd exposure by using diverse anti-apoptotic mechanisms (i.e. including perturbation of the JNK pathway, overexpression of CK8, as well as suppression of Zip8 to reduce Cdinflux), thereby attenuating Cd-induced cytotoxicity [6, 7] . In the present work, taken into consideration of the enhanced Dnmt3b (−) were sham-exposed or treated with various dosages of CdCl 2 for 36 h and the percentage of viability was determined by NBB staining assay. Results are expressed as the mean ± SD of triplicate samples and reproducibility was confirmed in three independent experiments; *P < 0.05 versus cells exposed to the same Cd concentration. (C) Accumulation of Cd was determined in untreated and 2 μM 5-aza-dC-treated 20 μM Cd R (−) by atomic absorption spectrometry after the addition of CdCl 2 as described in 'Materials and Methods'. The degree of Cd accumulation was plotted as a relative ratio, setting 1 for 5-aza-dC-untreated cells. The results are expressed as the mean ± SD of triplicate samples and reproducibility was confirmed in three separate experiments; *P < 0.05. expression level in Cd R , it is possible that the DNA methylation status of genes other than Zip8 can also be affected and resulted in global gene hypermethylations. In this regard, the silencing of tumor suppressor genes is detrimental which could likely lead to neoplastic cell transformation, clonal expansion, as well as subsequent promotion and progression of cancer development. Finally, for the fact that Cd absorption in lung cells is possible via the Zn transporter Zip8 as we demonstrated here, our results also highlight the potential health hazards among workers in which they are occupationally inhaling with Cd-containing dusts and fumes [28] [29] [30] [31] . Therefore, appropriate measures should be undertaken to protect against Cdmediated carcinogenicity in their lungs.
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